Cyclodextrins ( CDs ) are cyclic oligosaccharides composed of a-1,4-linked glucose units, and a-, b-and g-CD, which are composed of 6, 7 and 8 glucose units, have been well studied and used in various fields because of their inclusion complex formation ability.
Complex Formation of Cyclomaltononaose d d-Cyclodextrin (d d-CD)
Powder X-Ray Diffraction Powder X-ray diffractometry was carried out using a RINT 1400 X-ray diffractometer (Rigaku Corp., Tokyo, Japan). X-ray measurements were carried out at 4°/min from 3°to 35°of the 2q range. Measurements were performed at 50 kV and 100 mA.
Differential Scanning Calorimetry (DSC) DSC was performed using a DSC8240D under the TAS 200 thermal analysis system (Rigaku Corp.) at a heating rate of 3°C/min from 0°C to 250°C. Alumina was used as a reference.
Preparation of Single Crystals of the Cycloundecanone/d d-CD Complex Aliquots of 4 ml of cycloundecanone were added to 2 ml of an aqueous solution containing 45 mg of d-CD. Crystal growth was controlled by a temperature gradient provided by the PCC-700 programmable circulator (Tokyo Rikakikai Co., Ltd., Tokyo, Japan) for crystallization. The solution was shaken at 60°C for several minutes, cooled to 45°C over 6 h and then cooled to 10°C over 24 h. Finally, it was kept at 10°C for 48 h, and colorless crystals were obtained.
X-Ray Analysis of the Cycloundecanone/d d-CD Complex X-ray intensity data were obtained with a Rigaku automatic four circle diffractometer (AFC-7R. CuKa, lϭ1.5418 Å. 60 kV, 200 mA, at 20°C). Lattice constants were determined using 25 diffractions with the 2q range from 18.9°to 21.7°.
Results and Discussion
Simple Precipitation Test
15)
To evaluate the complex forming ability of d-CD with MCC, a simple precipitation test was carried out, and the results were compared with those for conventional a-, b-and g-CD. Table 1 summarizes the yields of precipitation of CDs with MCC expressed as the percentage of the weight of each precipitate by the total weight of each system excluding the solvent. g-CD and b-CD formed precipitates with almost all the MCCs tested, which had from eight to fifteen carbon atoms in the ring. In contrast, a-CD produced precipitates with molecules such as 1,5-cyclooctadiene, cyclononanone and cyclodecanone, with eight, nine and ten carbon atoms in the ring, respectively. b-CD produced small amounts of precipitate (yield: 4.4%) with cyclopentadecanone with fifteen carbon atoms in the ring. The diameters of the a-and b-CD cavity were too small to produce complete inclusion complexes with MCC. The precipitation reaction of a-and b-CD with some MCC may be interpreted in the following manner. The structures of CD complexes differ significantly in solid state and in solution. In solution, the guest molecule resides in the cavity, and the whole complex is surrounded by a solvate shell of water molecules. In the solid state, the guest molecules can be intermolecular cavities formed by a crystal lattice, or sandwichlike between two complex molecules. However, there is still no clear understanding of the structures of precipitates of CDs with MCC. It is beyond the scope of this paper to delve into the detailed structures of precipitates of a-and b-CD with MCC. d-CD clearly produced precipitates with those MCC with more than eleven carbon atoms in the ring. If the d-CD cavity was too wide, it would not be able to hold small guest molecules such as MCC with less than ten carbon atoms in the ring tightly enough to prevent their slipping out. These results suggested that the yield of a complex precipitate of MCC for a-, b-, g-or d-CD was dependent on the cavity diameter of CDs. Precipitation of the complex alone does not imply the stability of these complexes, but these comparative experiments suggested that d-CD may be a good host molecule for relatively large guest molecules.
Evidence of Inclusion Complexation To confirm whether the precipitates consisted of inclusion complexes or simple coprecipitating mixtures of CDs and MCC, all precipitates were subjected to powder X-ray diffraction and DSC analyses. Figure 2 shows the powder X-ray diffraction patterns of cyclododecanone/d-CD precipitate in comparison with those of the physical mixture at the same mole ratio (guest : d-CDϭ1 : 1). The diffraction patterns of the physical mixtures were found to be simple superpositions of those of the components, while those of the precipitates were different, corresponding to a new solid phase. With the exception of cyclododecanone, cyclotridecanone and cyclopentadecanone, the MCCs used were liquid at room temperature, but there were no differences in diffraction patterns of CDs in physical mixtures in comparison with intact CDs. tively, disappeared in the cyclododecanone/d-CD precipitate.
The endothermic peak at around 60°C was shown to be due to the melting of cyclododecanone. This peak was observed for intact cyclododecanone and the physical mixture of cyclododecanone with d-CD, but not for the cyclododecanone/ d-CD precipitate. These results corresponded to the changes observed in the X-ray diffraction pattern and indicated that the precipitates were inclusion complexes comprised of CDs and MCC. Table 2 summarizes the lattice constants of cycloundecanone/d-CD crystals and those of pure d-CD crystals reported by Fujiwara et al. 6) The lattice constants of cycloundecanone/d-CD crystals differed from those of d-CD crystals. The volume of the direct-lattice unit cell of cycloundecanone/d-CD crystals was about three-fold larger than that of d-CD crystals. These results suggest that cycloundecanone/ d-CD crystals were not crystals of d-CD itself. The following three possible structures were considered: a polymorphic form of d-CD, single crystals of cycloundecanone or an inclusion complex of d-CD and cycloundecanone. The possibility of a d-CD polymorphic form was very low because the d-CD concentration in the preparation of single crystals in the cycloundecanone/d-CD system was one-quarter of the d-CD solubility, so it would have been difficult to precipitate pure d-CD itself. The next possibility, i.e. single crystals of cycloundecanone, was also very unlikely because the melting point of cycloundecanone was 16°C, so it was difficult to measure at room temperature (20°C). Therefore, the most likely structure was an inclusion complex of d-CD and cycloundecanone.
X-Ray Analysis of the Cycloundecanone/d d-CD Complex
To obtain more detailed information about the relationship Figure 4 shows the observed diffraction pattern of cycloundecanone/d-CD precipitate and the calculated diffraction angles of the cycloundecanone/d-CD crystals and d-CD crystals. The observed diffraction pattern had three main peaks around 5-6°, 11-12°and 14-15°on the 2q scale. The calculated and observed values were in good agreement for the 5-6°and 14-15°peaks. The small differences were probably due to the breadth of the lattice constant value, the use of imprecise X-ray crystal data and the unstable crystal structure. In addition, the diffraction angle of d-CD crystals was calculated in the same way. Figure 4 also shows a clear difference between the diffraction angles of d-CD crystals and those of cycloundecanone/d-CD crystals. Based on these results, it was previously suggested that the cycloundecanone/d-CD precipitates described were microcrystalline aggregates of cycloundecanone/d-CD crystals. The density of cycloundecanone/d-CD crystals was calculated from the lattice constants to estimate the compositional ratio. Highly accurate results could not be obtained in this experiment. However, it was presumed that the molar ratio of cycloundecanone: d-CD was 1 : 2 if the unit cell had two inclusion complex molecules and 1 : 1 or 2 : 1 if the unit cell had four inclusion complex molecules. This is the first report of the interaction between d-CD and guest molecules with preliminary crystal data. If more detailed structural data of a drug/LR-CD complex could be obtained, this kind of complex formation study of LR-CDs might provide valuable insight into drug delivery systems for use with large unstable drug molecules.
